Novel water-soluble conjugates of 1,2,4,5-tetraoxane bis(quaternary ammonium salts) were synthesized in a relatively stable crystalline form via four steps starting from methyltrioxorhenium-catalyzed endo-peroxidation of ethyl 4-oxocyclohexanecarboxylate with hydrogen peroxide in hexafluoro-2-propanol. The assay for the in vitro toxicity of water-soluble tetraoxanes 5a-5d to malaria parasites indicate that they were inactive against the Plasmodium falciparum FCR-3 strain.
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Key words: tetraoxane; bis(quaternary ammonium salts); malaria; reactive oxygen species Reactive oxygen species (ROS) have been well documented to be involved in cell signaling pathways regulating cell growth and cell death. 1) In higher concentrations, however, ROS interact with nucleic acids, proteins and polyunsaturated fatty acyl groups in lipids via covalent binding and redox reactions. Since ROS are generated by the decomposition of peroxides, [1] [2] [3] they have been considered as potential chemotherapeutic agents targeting malignant cells, [4] [5] [6] HIV viruses, 7) and malarial parasites. 8) The most well-known example is artemisinin (Scheme 1), a trioxane endoperoxide with antimalarial activity isolated from Artemisia annua. 8) The trioxane structure in this natural product is known to be essential for its antimalarial activity. Despite extensive studies, however, the mechanism for the activity of artemisinin is not fully understood. 9) Nevertheless, based on its structure-activity relationship, a variety of related peroxides have been synthesized [10] [11] [12] [13] so far and their antimalarial activity has been assessed, creating potential candidates for new antimalarial medicines.
Bis(quaternary ammonium salts) interfere with the biosynthesis of phosphatidylcholine (PC), a major component of the cell membrane. 14) Based on this effect, bis(quaternary ammonium heterocycles) have been demonstrated to show antileukemic effectiveness. 15) Calas et al. have also demonstrated that interference with de novo PC biosynthesis by bis(quaternary ammonium salts) was lethal to malaria parasites, including chloroquine-resistant species (Scheme 1). 16) Therefore, if we combine these two components via covalent binding, the conjugate should have a different nature from the originals. For example, the solubility of the tetraoxane moiety in water may be significantly improved by the introduction of the ammonium ion. In addition to increasing water solubility, the conjugate may exhibit different biological and physiological properties. As described by Piantasosi et al., the advantage of a combination of two or more biologically active components is due to the fact that each component has a different mechanism of action, and both of them have potential therapeutic activity. 17) Furthermore, the development of resistance to two bioactive drugs acquired by microorganisms, viruses, malignant cells and parasites may be reduced by the combination of the two components as a conjugate. 17) Such a combination may also reduce its mammal toxicity. 17) In fact, the incorporation of polar groups into endoperoxides has significantly reduced the neurotoxicity and superior antimalarial activity profiles. 18, 19) Thus, in the present study, we undertook the first synthesis of novel conjugates of tetraoxane with bis(quaternary ammonium salts).
Due to the generally unstable nature of peroxide structures and difficulty in the purification of amphiphilic compounds, final compound 5 was synthesized according to Scheme 2 after a retrosynthetic analysis. With this synthetic route, basic intermediate peroxide 2 is modified stepwise to final compound 5 via ethyl ester hydrolysis, esterification with bromoalkanol, and substitution of the bromide with a tertiary amine by heating.
Here, all the peroxides should be stable at least against the reaction conditions for quaternization of the nitrogen atom, usually by heating. The alkaline hydrolysis of 2 and re-esterification of 3 with bromoalkanols may not be difficult. As shown in Scheme 2, tetraoxane 2 was prepared according to the modified method of Iskara. 20) Treating ketone 1 with methyltrioxorhenium (VII) (MTO), 30% hydrogen peroxide and sulfuric acid in hexafluoro-2-propanol (HFIP) and subsequent quenching of the excess of hydrogen peroxide by adding manganase (IV) oxide (MnO 2 ) gave desired peroxide 2 in an 85% yield. Alkaline hydrolysis of peroxide 2 gave acid 3 in a quantitative yield. This acid was esterified with 2-bromoethanol or 3-bromopropanol to afford esters 4a and 4b, respectively. Quaternization of triethylamine or tripropylamine with bis(bromoesters) 4a and y To whom correspondence should be addressed. Tel: +81-86-251-8292; Fax: +81-86-251-8388; E-mail: babanaom@cc.okayama-u.ac.jp 4b requires the careful selection of a solvent for the optimum reaction rate, yield and crystallization of the products. Refluxing a mixture of 4a and triethylamine in acetone for 18 h gave no desired ammonium salt 5a. Refluxing for 20 h in EtOH resulted in a very low yield (<1%). On the other hand, refluxing for 14 h in acetonitrile afforded crystalline ammonium salt 5a which was easily recrystallized from ether in a 28% yield. Fortunately, the peroxide did not decompose under this reaction. Similarly, acetonitrile was found to be the best solvent for the quaternization of triethylamine or tripropylamine with 4a or 4b to form 5a-5d. Although almost pure 5a and 5c were obtained by recrystallization from a mixture of ethanol and ether, 5b and 5d did not crystallize and were purified by silica gel chromatography eluted with (CHCl 3 /CH 3 OH/H 2 O: 65=15=2 ! 65=35=4). Their chemical yields were not as high as those of the intermediates, since the quaternization reaction was not quantitative; the recovery of 5a and 5c from their recrystallization solvent was accompanied by some loss of them, and the recovery of 5b and 5d during the chromatographic purification was not complete due to their amphiphilic property. Their structure was confirmed as a red-colored spot on TLC by detection with the N,N-dimethyl-p-phenylenediammonium dichloride reagent that is specific for peroxides. Proton NMR and ESI MS also proved the purity and structural integrity. Thus, novel compounds 5a-5d having the endoperoxide structure and bis(quaternary ammonium ions) in the same molecule were successfully synthesized. There are a number of biological systems to test the activity of 5a-5d. In the present study, they were examined for their antimalarial activity in particular, since oxidative stress has been found to be a major causative factor to regulate malaria parasite growth and proliferation.
Tetraoxanes 5a-5d were tested in vitro against the P. falciparum FCR-3 strain by following the protocol given in ref. 10 . Briefly, asynchronously cultivated P. falciparum were used. Various concentrations of compounds in dimethylsulfoxide were prepared. Five microliters of each solution was added to individual wells of a 24-well maltidish. Erythrocytes with 0.3% parasitemia were added to each well containing 995 ml of the culture medium to give a final hematocrit level of 3%. The plates were incubated at 37 C for 72 h in a CO 2 -O 2 -N 2 incubator (5% CO 2 , 5% O 2 , and 90% N 2 atmosphere). To evaluate the antimalarial activity of each test compound, we prepared thin blood films from each culture and stained them with Giemsa (E. Merck, Germany). A total of 1 Â 10 4 erythrocytes per one thin blood film were examined by microscopy. All of the test compounds were assayed in duplicate at each concentration. Drug-free control cultures were run simultaneously. All data points represent the mean of three experiments. Parasitemia in the control was reaching between 4% and 5% after 72 h. The EC 50 value refers to the concentration of the compound necessary to inhibit the increase in parasite density after 72 h by 50% of the control value. The assay results were as follows: 5a, 100% growth (no growth inhibition) at 1:71 Â 10
5b, 94% growth (4% inhibition) at 1:66 Â 10 À5 M; 5c, 100% growth at 1:71 Â 10 À5 M; 5d, 86% growth (14% inhibition) at 1:54 Â 10 À5 M. No morphological change of the infected erythrocytes was apparent in the application of 5a at 1:71 Â 10 À5 M by the microscopic observation. The assay experiment indicated that all the quaternary aminium tetraoxanes were inactive against P. falciparum. Although the reason is unclear, their high water-solubility might have prevented effective interaction with the phospholipid bilayer of the malaria parasite cell membrane. Nevertheless, the novel bifunctional endoperoxides may exhibit new biological activity in different biological systems. 11.9 mmol) were dissolved in HFIP (23 ml). To the solution was added ethyl 4-oxocyclohexanecarboxylate 1 (2.00 g, 11.8 mmol), and the mixture stirred at rt for 5 min. An excess of manganese (IV) oxide was then added, and stirring continued for an additional 15 min, before adding potassium carbonate (3.45 g, 25.0 mmol). The resulting mixture was filtered, and the solvent was evaporated under reduced pressure. The residue was purified by column chromatography on SiO 2 , using hexane/ethyl acetate (7:3) as the eluent, to give 2 (85% yield þ . Compound 5. The synthesis of 5a-5d was typically achieved by the reaction from 4a to 5a. Tetraoxane bromoester 4a (0.55 g, 1.03 mmol) and distilled triethylamine (10 ml, 7.2 mmol) were dissolved in acetonitrile (20 ml) and refluxed for 14 h. The solvent was evaporated under reduced pressure, and the residue was washed with ether. Crystallization of the residue from a mixture of ethanol and diethyl ether gave desired bis(quaternary ammonium salt) 5a (28% yield 
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